The anomalously deformed rod shape has been investigated in the framework of the cranking covariant density functional theory, and two mechanisms to stabilize such state with respect to the bending motion, extreme spin and isospin, are simultaneously discussed for the first time in a self-consistent and microscopic way. It has been known that adding valence neutrons and rotating the system play very important roles in the stability of the rod shape, and we have found their coherent effect; the σ-orbitals (parallel to the symmetry axis) of the valence neutrons, important for the rod shape, are lowered by the rotation due to the Coriolis term. This provides a further strong hint that a rod shape could be realized in nuclei towards extreme spin and isopin.
Strong nuclear deformations provide us an excellent framework to investigate the fundamental properties of quantum many-body systems. Experiments have provided evidence in heavy nuclei for strong deformation with width-to-length ratios of 1:2 or 1:3 by the observation of the so-called super-[1, 2] and hyper-deformed rotational bands [3] . For light nuclei, there have been indications that even more exotic states above 1:3 might exist in light 4N nuclei due to the α cluster structure. However, there is still no firm evidence so far, despite intensive experimental searches.
The realization of anomalously deformed rod shape in light nuclei has been a longstanding objective of nuclear structure physics. Due to the antisymmetrization effects and the weak-coupling nature, it has been known to be difficult to stabilize the rod-shaped configuration in nuclear systems. The linear-chain structure of three α clusters was suggested about 60 years ago [4] , and was used to explain the structure of the Hoyle state (the second 0 + state at E x = 7.65 MeV in 12 C), which plays a crucial role in the synthesis of 12 C from three 4 He nuclei in stars [5] . However, this state was later found to be a gas-like state with strong mixing of the linear-chain configuration and various other three α configurations [6] and recently reinterpreted as an α-condensate-like state [7, 8] . Therefore, various theoretical and experimental studies of linear-chain states has been carried out in other N = Z nuclei [9] such as 16 O [10] [11] [12] [13] [14] [15] , 24 Mg [16, 17] , etc.; further investigations are needed to confirm, however.
To stabilize the linear chain configuration with respect to the bending motion, some extra mechanisms are needed to be introduced. One of the candidates is the increase of isospin by adding valence neutrons. Even if the linear-chain configurations are difficult to be stabilized in N = Z nuclei, higher stability is possible in the neutron rich side. In particular, if the neutrons occupy the so-called σ orbit (parallel to the symmetry axis), an elongated shape for the core would be favored to lower the energy of the valence neutrons [18, 19] . This is because, originally σ orbitals are higher nodal orbitals, but their energies are lowered by the prolate deformation. Eventually prolate deformation is induced when the neutrons occupy the σ orbitals. The effects of the valence neutrons on cluster structure has been extensively investigated both from experimental [20, 21] and theoretical sides [22] [23] [24] . Another possible mechanism is the increase of the angular momentum by rotating the nucleus rapidly because the linear chain configuration with a large moment of inertia should be favored with a large angular momentum. In this case, the competition between the nuclear attractive and centrifugal forces [25] would be very important for the stabilization of the linear chain state. In this Letter, we take into account both two mechanisms for the stability of the linear chain state with respect to the bending motion, adding neutrons and rotating the system, and show the coherent stabilization effect for the first time: the σ orbital, important valence neutron orbital for the stability of chain state, is lowered by the rotation. The tilted axis cranking (TAC) covariant DFT [26] [27] [28] is used to investigate the stability of the anomalously deformed rod shape in C isotopes toward the extreme isospin and spin. The increase of the stability with the spin and isospin degrees of freedom is clarified. Here, "TAC" refers only to the code, the self-consistent solution actually rotates about one of the principal axes perpendicular to the symmetry axis. Covariant density functionals exploit basic properties of QCD at low energies, in particular, symmetries and the separation of scales [29] . They consistently treat the spin degrees of freedom, include the complicated interplay between the large Lorentz scalar and vector self-energies induced on the QCD level [30] , and naturally provide the nuclear currents induced by the spatial parts of the vector self-energies, which play an essential role in rotating nuclei. In recent years, the covariant DFT together with its cranking version has provided an excellent description of ground states and the rotational excited states all over the periodic table with a high predictive power [28, 31, 32] . direction which is not parallel to one of the principal axes of the density distribution:
is the total angular momentum of the nucleon spinors, the fields S and V µ are connected in a self-consistent way to the densities and current distributions, for details see Refs. [26, 27] . The iterative solution of these equations yields single-particle energies, expectation values of three components J i of the angular momentum, energy, quadrupole moments, etc.
In this work, the energy density functional DD-ME2 [33] is adopted, and pairing correlations are neglected. The calculations are free of additional parameters. We allow only rotations around x axis which is perpendicular to the symmetry axis z. Equation (1) is solved in a 3D Cartesian harmonic oscillator basis [34] with N = 12 major shells to provide converged results.
In the present calculations, we first perform calculations for 12 C without rotation to find one self-consistent solution with 3α linear-chain configuration. Taking the obtained potential as the initial potential, self-consistent calculations have been performed for C isotopes at various rotational frequencies. With the increase of spin and isospin, the proton levels are traced [26, 32] and their occupation is kept to be unchanged, while the neutrons are treated self-consistently by filling the orbitals according to their energy from the bottom of the well. Since the neutron number is changing for different C isotopes, it is convenient to show the structure of the rod-shaped C isotopes by using their proton density distribution. The proton density distributions for the same group differ only in barely visible detailed structures.
Therefore, we show one sample for each group, i.e., It should be noted that the occupation of the proton levels is traced and kept to be unchanged during the calculations. This is connected with the fact that the rod-shape structure in 12 C persists with increasing spin and isospin as shown in Fig. 2 . Therefore, it is important to check whether the proton configurations are stabilized against particle-hole deexcitations. To this end, the single-proton levels in the rotating framework together with their occupation are shown in Fig. 3 show those at ω = 3.5 MeV. This is quite helpful to the formation of the rod shape, and as a result, the rod-shaped proton configuration of 20 C could be well stabilized.
Finally, in Table I , we list the experimental and calculated ground-state energies as well as the calculated energies at ω = 0.0 MeV for the C isotopes from A = 12 to A = 20. It shows that the calculated ground-state energies are in very good agreement with the data.
Form Table I , one can also easily extract the band head energies of the predicted rod-shaped states, which are estimated to be in between 12.8 MeV and 18.4 MeV. which is much lower than the value suggested in the previous work (around 25 MeV) [18] .
In summary, we have discussed the rod-shaped configuration in C isotopes, which has been known to be very difficult to stabilize for a long time, by using the cranking covariant density functional theory. The major advantages of the present framework include (1) the cluster structure are investigated without assuming the existence of clusters a priori; (2) the nuclear currents are treated self-consistently; (3) the density functional is universal for all nuclei throughout the periodic chart, and the present investigation is expected to be reliable and to have predictive power; (4) a microscopic picture can be provided in terms of intrinsic shapes and single-particle shells self-consistently.
Extreme isospin and spin are considered to be two key mechanisms for the stability of the rod-shaped configurations. In the present analysis, we have, for the first time, treated these two degrees of freedom simultaneously in a self-consistent and microscopic way. By increasing the isopin and/or spin, the appearance of the anomalously deformed rod shape can be clearly seen in the C isotopes. Through the effects from the Coriolis term, the σ-orbital, which has been known to be very important for the rod shape, comes down in energy and enhances the stability of the rod-shaped configuration with respect to the bending motion. 
